This paper describes an experimental investigation of the spray created by Jet-A fuel injection into the cross flow of air at the conditions encountered in modern gas turbine combustors. Fuel was injected from a two orifices of the same diameter (d=0.47mm) but different design installed flush with the wall of a rectangular air channel. One orifice had sharp edge in its fuel path and length to diameter ratio of l/d=10 while the other one had a smooth (round edged) path with l/d~1. Pressure and temperature of air in the channel were P~5atm (73 psi), T~300K. Aerodynamically shaped design of the air channel created uniform trapeze-shape velocity profile with the level of turbulence in the core of about ~4% while thickness of the boundary layer was ~3mm. Velocity in the air channel was adjusted to attain Weber number in the range from We=400 to We=1600. Momentum flux ratio of the fuel jet to the crossing air was kept in a wide range between q=5 to q=100. High speed photography (20,000fps) of the spray side view in combination with the synchronized short (30ns) laser flashes illuminating spray from the other side was used to obtain instantaneous shadowgraph images of the spray and thus distances of the spray penetration into the crossing air flow on the intervals from the point of injection to 60 diameters of the orifice. Statistical analysis of the series of the instantaneous images (~20,000 frames) allowed measuring of an average position of the spray pattern border as well as its standard deviation. Spray trajectories were found to be independent upon Weber number in the investigated range. Spray penetration distances into the cross flow were found to be proportional to square root of momentum flux ratio of the fuel jet to crossing air flow. Spray created by the sharp edge orifice penetrated 12% further into the cross flow than from the round edge orifice. This observation was attributed to a larger droplet size created by sharp injector and, possibly, by the higher velocities of some droplets. These experimental data allowed development of the simple empirical correlations for the spray trajectories. Especially, independence upon Weber number and selfexplained proportionality of penetration to square root of momentum flux ratio allowed use of only one empirical coefficient that was determined by the injector design (i.e., sharp, or round edge orifice). The other empirical coefficient that was used for adjustment of a logarithmic formula shaping spray trajectory was independent of the injector design. A good agreement between the spray trajectories obtained using high speed imaging technique used in this study and borders of the spray measured by the processing of the PDPA data was demonstrated. * Corresponding Author
Introduction
Cross flow fuel injection is widely used in gas turbine engine combustors, thus it is important to understand the mechanisms that control the breakup of the liquid jet and penetration and distribution of droplets. Such data is needed for validation of CFD codes that will be subsequently incorporated into engine design tools. Additionally, this information is needed for understanding observed engine performance characteristics at different regimes of the flight envelope and development of qualitative approaches for solving problems such as combustion instabilities [1] . A number of experimental studies of this problem under conditions that simulate those in gas turbine engines have been undertaken and are briefly reviewed below.
2 Spray formation studies have identified two main modes of liquid jet breakup; i.e., the column breakup and the shear breakup. During column breakup, the liquid "column" develops surface waves which distort the liquid. As the waves evolve downstream along the liquid jet, aerodynamic forces enhance the growth rate of the disturbances, leading to the formation of ligaments which subsequently break up into droplets [2, 3] , . In shear breakup, aerodynamic forces on the surface of the liquid jet strip off droplets by shear. The domination of one mechanism over the other depends on liquid to air momentum flux ratio, q, and Weber number, We, which is the ratio of aerodynamic to surface tension forces. The column breakup mechanism dominates the formation of droplets at low We and low q. Shear breakup or turbulent liquid jets is enhanced by the internal liquid turbulence [4] .
The placement of fuel in a combustor is significant for its design. Hence, jet penetration into the crossflow have received significant attention. Chen et al. [5] and Wu et al. [2] have carried out experiments at different momentum flux ratios of water jets and developed a correlation of the dependence of the upper surface trajectory of jets in a cross flow with liquid to air momentum flux ratio. Stenzler et al. [6] used Mie scattering images to find the effect of momentum flux ratio, Weber number and liquid viscosity on jet penetration. As in other previous studies, they found that increasing momentum flux ratio increased penetration. Increasing the Weber number decreased the average droplet size and since smaller droplets decelerate faster, the overall penetration of the spray decreased. However, many of these correlations are applicable to specific operating conditions, injector geometries and measurement techniques.
Tamaki et al. [7, 8] showed that the occurrence of cavitation inside the nozzle significantly influences the breakup of the liquid jet into droplets. The collapse of cavity bubbles increases the turbulence of the liquid jet accelerating its breakup into droplets. Ahn et al. [9] explored the effect of cavitations and hydraulic flip of the orifice internal flow on the spray properties created by a jet in cross flow. They found that while spray trajectories followed the correlations obtained by Wu et al. [2] in absence of cavitations and hydraulic flip, the presence of these phenomena results in significant disagreements between the observed trajectories and the ones reported by Wu et al. [2] . Consequently, they concluded that the design of the injector has a significant effect on the spray trajectories.
Practically all previous studies of spray attempted to describe its penetration trajectory into the cross-flow of air in the form of equation that typically incorporate momentum flux ratio of the liquid jet to air flow, q, Weber number, We and certain function that describe shape of the outer edge of the spray. Usually, these equations incorporate a number of empiric coefficients that were obtained as a result of experimental data processing. In spite of availability of dozens correlation their practical use remains problematic because they all provide different results. Figure 1 shows result of application of different correlations to one spray with q=20 and We=1000. It is seen that the spray penetration trajectories differ from each other to an extent of 100%. Among factors that causes such a big difference the following ones seems to be the most influencing:
• Design of the injector and its position in the cross flow (i.e. l/d, shape and quality of the internal fuel path, presence or absence of the spray well or cavity between the injection orifice and the channel e.t.c). • Factors that vary flow conditions in the experiment inconspicuously for the researcher such as temperature of the crossing air flow which may change temperature of the injector and thus surface tension and viscosity of the injected fuel. • Turbulence of the core and boundary layer characteristics of the crossing air flow that may significantly influence spray penetration but did not mentioned by many researches.
• Imaging technique that was used for many years for capturing spray trajectories was static photography that typically captured superposition of sprays on one image due to the fact that time constant of such oscillatory phenomena as liquid jet disintegration in the cross flow is by several orders lower than exposition of any available camera used in most of experiments.
The objective of this study is to investigate the spray trajectories formed by the Jet-A fuel injected from the injectors of different geometries into a cross flow of air while the above mentioned influencing factors will be isolated. For this purpose:
• Both injectors used in the study that had the same diameter of the orifice and a different shape of the internal path were manufactured using the same equipment and technology. They were installed with orifices openings flush with the air channel wall (i.e. with no spray well, or cavity). • Crossing air flow was of the room temperature. Its turbulence level in the core was ~4%. Thickness of the boundary layer was ~3mm. • High speed imaging technique (~24,000fps) with spray illumination by the short laser flashes of 30ns duration was used to capture instantaneous images of the spray several times during its movement from maximum to minimum position. That allowed statistically relevant processing of the images and thus extracting information about the averaged spray trajectories and their RMS values.
Sprays created by using these injectors were investigated for wide range of momentum flux ratios between q=5 and q=100. Velocity of the air flow was varied to attain aerodynamic Weber numbers in the range of We=400 to We=1600. Air pressure in the test channel was 5 atm. Figure 1 shows a schematic of the experimental setup used to study the injection of a liquid jet from a flat surface into the cross flow of air at elevated pressure. This setup had a plenum chamber, a rectangular air supply channel, a test section with injector under investigation and a pressurized chamber with four 38mm (1.5 inch) thick windows for optical access to the spray.
Experimental Setup
Plenum chamber was 203.2 mm in diameter and 457.2mm long. Two perforated screens were installed at the entrance and at the exit of the plenum to achieve necessary level of turbulence and flow uniformity in the test section. The rectangular supply channel was 62.3mm (2.45 inch) by 43.2mm (1.7 inch) in crosssection and was 304.8mm long. It was equipped with a "bell-mouth" air intake which was connected to the bottom of the plenum chamber to smoothen the air flow. On the other end of the channel four aerodynamically shaped plates were attached to the channel creating a test section with a cross-section 31.75 x 25.4mm (1.25 x 1.00 inch).
Figure 1. Schematic of the test facility.
This test section has ~50mm (2.00 inch) long, 6mm (1/4 inch) thick windows on three sides for optical access to the spray zone. The fuel injectors were fixed on the centerline of the plate 10mm downstream of transparent section. The whole system was fixed to the massive optical table while optical tools were installed on a traversing mechanisms, which provides precise movement (minimal step is 0.0254mm) in three mutually orthogonal directions using step motors and electronic drivers controlled using a computer. In the current study, 1mm increments of movement were typically used for characterizing the spray. Maximum operating conditions in the test sections were P=4.2MPa (600 psi) and T=755K (900F) which correspond to supercritical flow conditions for the Jet-A fuel. Flow conditions in the test section were achieved by supplying preheated air flow from the controllable high pressure air supply at P < 5.0Mpa (720 psi) and T < 800K (1000 o F) into the plenum, where it then enters the 1.25" X 1.00" test section.
Velocity in the test section was controlled by the motorized control valve in the exhaust line (see Figure  1 ). Cooling of the test channel, test section as well as inner and outer windows in case of the preheated air use was achieved by pressurizing of the pressure vessel with the high pressure air flow (P<5.0MPa, T~295K). This cooling air was eventually mixed with the high temperature air from the test section in the exhaust path. Pressure of this cooling was ~1.4KPa (2 psi) higher than in the test section to keep temperature in it's surrounding below 100 0 C. Mixture of the air passing the test section, injected Jet-A fuel and cooling air left rig through the exhaust line, control valve, flow straightener and afterburner where fuel was burned in the pilot flame of natural gas to prevent fuel from entering the atmosphere.
Figure 2. Instrumentation of the test section.
Flow conditions in the test section were monitored using 3mm (1/8inch) diameter Pitot tube and thermocouple, which were located within the 2.45" X 1.70" test channel (see Figure 2 ). An additional pressure transducer and thermocouple were installed just downstream of the test section. Differential pressure sensor measured pressure drop along test section to support flow velocity measurements by the Pitot tube.
The main diagnostic tool in this study was NAC GX-1 high speed camera that captured shadowgraph images of the spray at the rate of 24,000fps with a record length of about 20,000 frames. Illumination of the spray was achieved by the copper-vapor laser flashes (30ns) synchronized with the shatter openings. Images were eventually processed for obtaining average and maximum spray trajectories.
Characterization of the core flow and boundary layer profiles in the test section was performed using three dimensional (3-D) Laser Doppler Velocimetry (LDV) system. This system consisted of two transceivers oriented 90 degrees apart, which were installed on the rail connected to the 3-D remotely controlled traversing mechanism.
Results and Discussion
This chapter consists of several parts including • Characteristics of the fuel injectors that represents flow characteristics of the two injectors tested (see Fig.3 and 4) as well as images of the fuel jet exiting from both of them at different velocities. • Characteristics of the incoming air flow;
• Results of the spray penetration measurements obtained by processing of images obtained at different Weber numbers and different momentum ratios; • Development of the empirical correlations for spray penetration into the cross flow.
Characteristics of injectors
The main difference between the investigated injectors was shape of the surface between the plenum and the injection orifice. Fig 4) . Their hydraulic characteristics presented on the Fig.5 reflect this difference in the injector's internal shape. Specifically, discharge coefficient of the sharp edge orifice is relatively constant C d~0 .75 in the tested range of Re numbers while the discharge coefficient of the round edge orifice is C d~0 .96 at the Reynolds numbers exceeding Re=10,000 (ΔP inj .>60psi) which is relevant to the current study.
Effect of injector geometry on the jet disintegration was first demonstrated without cross flow of air. Images of the fuel jets injected from both injectors into the atmosphere are presented on the Fig. 6 . It is clearly seen that the jet coming out of the sharp edged orifice disintegrates forming spray structures, ligaments and droplets while jet issuing out of the round edge orifice is relatively smooth and intact.
A closer look on the fuel jet in a near field (see Fig.  7 ) reveals that the jet from the sharp edge orifice expands and disintegrates while the jet from the round edge orifice shows the development of the hydrodynamic instabilities.
Images of the fuel jet injected into the cross flow of air presented on the Fig. 8 clearly indicate significant scale difference in liquid border structure on the outer edge of the jet. Size of the structures on the jet exiting from the round edge orifice ( Fig. 8-b ) is at least ten times smaller and more organized than on the jet exiting from the sharp edged orifice (Fig 8-a) . As the mechanism of the jet disintegration in the investigated range of Weber numbers is "shearing" of the above mentioned structures from the surface of the jet by the strong aerodynamic forces of the crossing air this difference can potentially influence size of the created droplets.
In fact sharp edged orifice produces larger droplets as it indicated on the counter plots of the Sauter mean diameter (D 32 ) presented for both tested orifices (sharp and round edged) on the Fig. 9 (-a and -b respectively). Measurements were undertaken in the representative cross-section of the spray located 60 orifice diameters downstream of point of injection (z/d=60) where spray was fully developed at the same flow conditions (We=1000 and q~20) for both orifices. Comparison of the SMD along the center line reveals ~10% larger droplets on the periphery of the spray produced by the sharp edge orifice.
Characteristics of the incoming air flow
Velocity profiles of the incoming air flow in the test channel were measured in several representative crosssections in the presence and in the absence of spray using Laser Doppler Velocimeter (LDV). For this purpose incoming air was seeded with 3-5mkm alumina particles. Results of measurements are presented on the Fig. 10 in the form of the mean and RMS velocity profiles. It is clearly seen that the mean and RMS velocity profiles are of trapeze-shape form typical for turbulence flow in tubes. Presence and absence of spray does not produce any significant differences in velocity profiles. No significant differences in the profiles were indicated while measured across the test channel 5mm upstream (z/d~ -10) and 20mm downstream (z/d~40) of the point of injection.
Results of the spray penetration measurements.
Each of several thousands images (see example on the Fig. 11 -a) that compose a high speed movie of the fluctuating spray was processed individually pursuing a goal of getting outer border of the spray pattern. For this purpose the following procedure was applied: -Each image was corrected by subtraction of the averaged background. Images of the background were captured before any fuel was injected at each flow condition and than averaged for the experimental series to be processed. -Dynamic range of each image was adjusted to eliminate possible influence of laser pulse intensity fluctuations (i.e. to avoid effect of the overall brightness of the image). -Threshold was applied to all images in the series to equalize pixel intensity value in the spray region to unity and background region pixels to zero. The result of this binarization is shown on the Figure 11b . Line that divided white and black zones on the image represented outer border of the spray.
On the final stage of processing, standard algorithms for calculating mean value, RMS, maximum e.t.c were applied to the spray border lines.
All together 58 high speed images of the spray were captured at different flow conditions that are divided into two series. In the first one (so called Webersweep) fuel to air momentum flux ratio was kept constant equal to q=const=20 while Weber number was changed from movie to movie. In fact spray movies at We=400, 600, 800, 1000, 1200, 1400, 1600 were captured.
In the other series of experiments (so called momentum ratio, or q-sweep) Weber number was kept constant We=constant=1000 while momentum flux ratio was varied from movie to movie. In the q-sweep momentum ratios of q=5, 10, 20, 40, 60, 80, 100 were examined. We-and q-sweeps were performed for both sharp and round edged injectors. Fig. 12 in the form of the mean positions of the spray outer boarders at different Weber numbers (see Fig.12 -a) and their RMS values (Fig 12-b) . It is clearly seen that the position of the spray outer edge and its RMS are practically independent of We number. RMS value increases almost linearly with axial position downstream the injection point. Similar result (independence upon the Weber number) was obtained in the We-sweep performed with the round edged injector. Independence of the spray outer border upon Weber number allows significant simplification of the correlation function.
Series of curves each representing the mean position of the spray outer border at a certain momentum flux ratio (q-sweep) are shown on the Fig. 13 for the sharpand round-edged orifices (Fig. 13-a and -b respectively) Graphs reveal strong dependence of the spray border upon the momentum ratio. Both series of curves follow the same trend. At the same time they indicate higher spray penetration into the cross flow (~12%) for the sharp edge orifice comparing to the round edged orifice. (We=400 ….1600) . Sharp edge injector This difference can be attributed to the larger droplets size created by the sharp edge orifice (see Fig .9 ) and/or to the difference in the fuel velocity profiles reflected by the difference in flow coefficients C d of the two tested injectors (see curves on the Fig. 5 ). Both factors are working towards higher spray penetration. In spite of the fact that the average fuel velocity discharged from the sharp edge orifice is lower than from the round edge orifice because of hydraulic losses, velocity in the center of the jet may be higher and at least some droplets will have higher momentum exclusively because of velocity difference. It is worth to note that the spray border curves obtained for both orifices converge significantly while being normalized by the C d , (i.e., by the maximum velocity) and by the diameter (D 32 ) of droplets.
Curves on the Fig. 14 were obtained by normalizing of the jet penetration into the cross flow by the momentum flux ratio value, q. All the curves obtained in a wide range of q=5….100 and previously shown on the Fig.13 collapsed here in one line. This fact provides a good opportunity for the approximations of the spray penetration X using self explained physical dependence X~sqrt(q) ~ U l . Measurements of the spray border obtained in the current study using high speed imaging technique were compared with previously obtained spray border data in the experimental study of droplet size and velocity distribution by using of Phase Doppler method. For this purpose the data rate measured with the PDPA is used as a metric to locate the edge of the spray. The edge of the spray is assumed to be around a region showing 10% of the maximum data rate as shown on the Fig. 14b . Figure 14 -a demonstrates a good agreement between the spray trajectories obtained using statistically relevant high speed imaging technique used in the current study and borders of the spray measured by the processing of the PDPA data rate. It is clearly seen that the maximum spray penetration determined as X*=X mean + 2.8RMS is equal to the border determined at the level of 10% threshold of the PDPA data rate curve maximum. 
Development of the empirical correlations for spray penetration into the cross flow.
Literature sources suggest correlations for the spray outer border x/d=f(z/d) in several different forms that definitely include power function of the momentum flux ratio q n . Correlations may or may not include power function of Weber number. Shape of the spray pattern is typically described using logarithmic or power function. In spite of the fact that the accuracy of correlation can be improved by increasing number of empiric constants, current study seeks to simplify corre-lations. This was achieved by using self explained proportionality of droplets penetration into the cross flow to their velocity at the point of discharge (i.e. x/d~U l~q 0.5 ) and reducing number of the empiric constants by one (i,e q n = q 0.5 ). This significant simplification was proved experimentally on both tested injectors in a wide range of momentum ratios between q=5 and q=100.
Another simplification of correlation function was attained by limitation of the Weber number range between We=400 and We=1600. This in turn limited number of possible mechanisms of the jet disintegration to only one mode of liquid jet breakup; i.e., shear breakup excluding column break up. Independence of spray penetration upon the Weber number in the investigated range allowed to exclude Weber number from correlations.
As a result spray penetration for both injectors were correlated using only one empiric coefficient (a 1 ) that depend only upon the shape of the injector internal surface by the following formula: The other coefficient (a 2 ) only shaped the spray border described by the logarithmic function and was independent of the injector design. Thus average and maximum spray penetrations were correlated using coefficients a 1 Comparison of the experimentally measured and correlated spray penetrations X are presented on the Fig.16 for the average and maximum penetration of the spray created by the sharp edged injector. 2. Crossing air flow had core turbulence ~4% and thickness of the boundary layer near the rectangular channel walls ~3mm. 3. Both injectors used in the study had the same diameter of the orifice d=0.47mm and a different shape of the internal path (i.e., sharp and round edge orifice) were manufactured using the same equipment and technology. They were installed with orifices openings flush with the channel wall. 4. Spray trajectories were found to be independent upon Weber number in the investigated range between We=400 and We=1600 due to only shear breakup mode of liquid jet disintegration. 5. Spray penetration into the cross flow was found to be proportional to square root of momentum flux ratio of the fuel jet to crossing air in the investigated range between q=5 and q=100 due to self ex-Subscrips plained dependence of droplet penetration upon the jet velocity at the point of injection. 6. Spray created by the sharp edge injector penetrated 12% further into the cross flow than from the round edge orifice. This observation was attributed to a larger droplet size created by sharp injector and, possibly by the higher velocities of some droplets. Spray borders of both injectors converge significantly while being normalized by the mean diameter of droplets and by the flow coefficient C d that is believed to be negatively proportional to the maximum in velocity profile of the discharging jet. a = air l = liquid
